and the modified WetSpa models shows that the modified model yields relatively higher performances for the subbasins, creating a more accurate model for predicting ungaged subbasins.
INTRODUCTION
The WetSpa hydrologic model was originally developed by Wang et al. () to conceptualize a basin hydrological system. Since then, the model has been applied to many 
METHODOLOGY Modifying runoff coefficient estimation in WetSpa
In the WetSpa model (Liu & De Smedt ) , the runoff coefficient C at is obtained by adjusting the potential runoff coefficient (C ) as follows:
is water content at saturation and α is the rainfall intensity adjuster, which depends upon rainfall intensity PI t , surface runoff exponent m 1 and rainfall intensity scaling parameter m 2 (Table 1) , as follows:
The values of the potential runoff coefficient (C ) depend upon soil type, landuse and slope angle, and are incorporated in the WetSpa model by look-up tables that if needed can be adjusted by the model user. When the soil is saturated, the runoff coefficient C at becomes equal to (C ), while for unsaturated soils, C at becomes much lower than (C) depending upon the value of α (Figure 1 ).
Hence, (C) is the ceiling for the adjusted runoff coeffi- 
where m 8 [LT À1 ] is a scaling parameter that can be estimated by model calibration. Figure 2 shows the changes in the modified runoff coefficients due to the rainfall intensity. It can be seen that the adjusted runoff coefficients do not have the ceiling limitation of the potential runoff coefficient in Equation (1), and depending upon the intensity of rainfall, has the possibility to reach 1, which was not possible when using Equation (1). Note that when CP e tÀ1 is less than m 7 , the original method of WetSpa (Equation (1)) is used to estimate the runoff coefficient. Safari () showed that use of the modified runoff coefficient (Equation (3)) does not have any effect on low flows.
Modifying baseflow recession coefficient estimation in WetSpa
In the original WetSpa model (Liu & De Smedt ) , an estimate must be made of the base flow recession coefficients that regulate drainage from groundwater storage to the stream. Since usually little is known about the geology, the simple concept of a linear reservoir is used to estimate groundwater drainage on subcatchment scale as follows: aquifer as follows: is given by the following equation:
where
and Figure 3 . Hence, Equation (8) enables us to estimate the baseflow recession coefficient m 6 in each subbasin. In the modified WetSpa model, parameter m 6 is calculated using a modified equation (Equation (9)), where
, which depends on aquifer properties
The base flow recession coefficient m 6 in the original model is substituted by the aquifer dissipation coefficient, Table 2 . 
MODEL APPLICATIONS AND RESULTS

This
where MB is model bias, NS is the Nash-Sutcliffe efficiency (Nash & Sutcliffe ), and r mod is the modified correlation coefficient (McCuen & Snyder ). The criteria are given by the following expressions:
where Qs t and Qo t are the simulated and observed stream- 
Criteria NS L and NS H vary between À∞ and 1, with 1 corresponding to the ideal value.
To investigate the WetSpa model deficiency in predicting flows for interior points, parameters need to be However, this problem can be resolved using a multi search driver developed by Skahill & Doherty () .
PEST estimates optimum parameter values by minimizing the sum of squared residuals. In order to reduce correlation between residuals and discharges, a Box-Cox transformation was applied to the discharges and to handle residuals interdependence, an ARIMA error model was applied to the residuals. Sensitivities of the WetSpa and ARIMA models for the five calibration basins are given in Table 4 . It can be seen that parameter m 6 , the base flow recession coefficient, is the most sensitive parameter in all the basins.
Uncalibrated model performances for subbasins are given in Table 5 . For interior points CAVES, ELMSP, SAVOY and SLOA4 that are common for the two parent basins Tahlequah and Siloam Springs, Table 5 Table 4 ). Since the difference in m 2 values is of no concern as the default value of m 1 is 1 (see Equation (2)), the uncalibrated model parameter values for the two parent basins only differ for the base flow recession coefficient, m 6 . As can be seen in Table 5 Parameter estimates and their sensitivities for the modified WetSpa models obtained by PEST are given in Table 6 .
It can be seen that the most sensitive parameter for all basins is m 3 , the correction factor for the evapotranspiration, whereas for the original WetSpa models (Table 4) , the most sensitive parameter was m 6 , the base flow recession coefficient. This is likely due to the fact that the base flow recession coefficient is no longer an adjustable parameter, and hence is excluded from the sensitivity analysis of the modified model. Also, the sensitivity of parameter m 6 , the aquifer dissipation coefficient, varies from fairly sensitive in the Baron Fork River basin and Illinois River basin at Tahlequah to almost insensitive over the rest of the basins. In terms of water balance error as represented by MB in Tables 7 and 8 Tables 7 and 8 show that in most cases the modified WetSpa model P o is the optimized parameter value, S v the sensitivity value, and S r the sensitivity rank. m 1 to m 8 are modified WetSpa model parameters described in Table 1 and φ 1 to φ 3 are ARIMA error model parameters.
yields lesser bias than the original model. This is obtained MB is the model bias, r mod the modified correlation coefficient, NS L a logarithmic transformed Nash-Sutcliffe criterion for low flows, NS H an adapted version of the Nash-Sutcliffe criterion for high flows, NS the Nash-Sutcliffe efficiency, AM the aggregated measure; gaged basins are shown in bold. Improved model evaluation criteria are indicated in gray and degraded performances are outlined in black. 
